This study examined the correlation between the thickness of the iron catalyst film deposited by e-beam evaporation and carbon nanotube (CNT) growth by water-assisted chemical vapour deposition. The number of walls and the alignment of the CNTs in the CNT forest could be controlled by the iron thickness. High resolution transmission electron microscopy was used to examine the catalyst size distribution and individual CNT structure. Atomic force microscopy was used to analyse the surface roughness. The correlation between the surface roughness, catalyst agglomeration, number of walls in the CNT and the alignment of the CNTs in the CNT forest was established. The CNTs grown on an iron catalyst ranging in thickness from 0.1 to 0.5 nm were well aligned with 2-4 walls. On the other hand, the CNTs grown on an iron catalyst ranging in thickness from 0.6 to 1 nm were less well aligned with 4-10 walls. The CNTs grown on an iron catalyst >1 nm in thickness were misaligned with 8-16 walls. The significance of these experimental trends is discussed within the framework of the clusters aggregation and Van der Waals interaction.
Introduction
Carbon nanotubes (CNTs) have provided the opportunity to study and integrate ordered, one-dimensional (1D) quantum systems. Multiwall CNTs consist of several graphene sheets rolled into concentric cylinders, leading to graphite-like electrical properties. Compared with single-wall CNTs, larger wall thicknesses lead to larger outer diameters, larger bore diameters, higher stiffness and greatly improved electrical conductivity.
These properties are ideal for generating nanostructures for cold-cathode electron field emission, nanoporous membranes, low-friction nanobearings, supercapacitor electrodes, ultrasensitive electrometers and other applications [1] [2] [3] [4] [5] [6] [7] . The synthesis of super-grown CNTs is of technological importance because of their integration into fibres and sheets in lightweight and high strength material applications [8] . Control over the alignment and the number of walls is desired for their integration into various devices, such as electrical interconnection applications [9] [10] [11] . Among the many CNT synthesis methods, chemical vapour deposition (CVD) is effective for CNT volume production and integration into devices due to its capability for selective spatial growth and aligned CNT growth. The addition of a controlled amount of water vapour into the growth ambient of CVD was reported to dramatically enhance the activity and lifetime of the catalyst resulting in highly efficient millimetre CNT growth [12] . Interestingly, most papers on the synthesis of millimetre scale CNT forests have used Fe-metal thin films prepared by sputtering or electron-beam (e-beam) evaporation [12] [13] [14] [15] [16] [17] [18] . The advantages of e-beam evaporation for catalyst deposition are selective area deposition, fine control of the deposition process and the catalyst free growth of CNTs. It is believed that the diameter of the CNTs corresponds to the size of the metal catalyst islands or particles on the heated substrate immediately before supplying the carbon source, such as methane and acetylene. Therefore, control of the size and density of the catalyst nanoparticles on the substrate is desirable. Even though there have been many studies aimed at controlling the length, number of walls, chirality, etc [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , significant control over the number of walls of the CNTs has not yet been obtained. This paper reports the efficient growth of millimetre scale well-aligned CNTs with control over the number of walls using water-assisted CVD (WA-CVD). The deposition of the iron catalyst by e-beam evaporation was used to control the catalyst thickness, which ultimately controls the number of walls in the CNT. It was found that the efficient growth of a millimetre scale CNT forest with 2-3 walls could only be achieved at a particular critical deposition level or after the individual nanoparticle catalyst had merged and rearranged resulting in a higher number of walls. The number of walls could be tuned from 2 to 16 by controlling the deposition process. It is believed that the results of controlled walls and high efficiency CNT growth are an important step towards the realization of on-demand structured CNTs for industrial and research applications.
Experimental
Initially, a 17 nm thick aluminium (Al-barrier) layer was deposited on a silicon wafer by e-beam evaporation. The e-beam evaporation chamber was evacuated to a base pressure of ∼3 × 10 −6 Torr, and aluminium deposition was carried out at the rate of ∼0.1 Å s −1 to obtain the ∼17 nm thick aluminium layer. Subsequently, the silicon wafer was cut into several pieces to deposit the iron (Fe-catalyst). Iron was deposited at different thicknesses in a similar manner to that of aluminium. The deposition rate was kept fixed at 0.1 Å s −1 , and a 0.1-3 nm catalyst was deposited. The thickness of the deposited catalyst was monitored using a crystal sensor fixed inside the chamber. Surface oxidation and contamination were avoided by keeping the wafer under dry conditions in a high vacuum chamber maintained at ∼10 −6 Torr. The existing WA-CVD set-up consists of a water bath attached to a standard CVD furnace. The water bath was maintained at ∼60
• C and coupled to the argon gas nozzle. The set-up consisted of a horizontally mounted quartz tube (diameter ∼5 cm and length ∼70 cm) attached to a rapid thermal heating system, equipped with various gas lines and standard mass flow controllers. The mass flow of the compositional gases (CG) i.e. the feed stock (acetylene-C 2 H 2 ), dilutant (argon-Ar) and water carrier gases (argon) was controlled electronically.
One of the Fe/Al/Si wafers (hereafter referred as substrate) was cut into 5 × 5 mm 2 samples and used to synthesize the CNTs. Three samples were mounted on the quartz plate at one time and shuttled into the reactor. The reactor was evacuated to 0.1 Torr. The CG injection was carried out at room temperature (RT).
In the first experiment, the effect of the iron thickness on the growth of CNTs was examined. The temperature of the reactor was ramped to 810
• C in a minute. After 12 min, the CG supply was completely turned off and the system was cooled to RT in an inert argon atmosphere. A rapid-heating process was used to accommodate a large number of samples. The gas flow meters were calibrated for the feed stock, dilutant and water carrier gas. The synthesis experiments were carried out at an argon and acetylene flow rate of 500 sccm (cm 3 STP per minute) and 200 sccm, respectively. During all the experiments, the mass flow rate of the water carrier gas (argon) was kept constant at 185 sccm.
After removing them from the reactor, the samples were analysed by scanning electron microscopy (SEM; JSM6700F, JEOL) in order to precisely determine their height and morphology. The height was measured at various places and the average height was estimated. The surface morphology of the substrates, before and after growth was examined by atomic force microscopy (AFM; SPA-300HV, SII Nanotechnology Inc.).
The structural properties of the CNTs were examined by removing the CNTs from the substrates, dispersing them in methanol, drop coating them on a copper grid and observing the grids by high resolution transmission electron microscopy (HRTEM; JEOL 300 kV).
Results and discussion
Figure 1(a) shows the effect of the iron thickness on CNT growth. The graph shows that the height of the CNT forest was 55 µm when grown on an iron catalyst 0.1 nm in thickness. The height increased rapidly with further increases in iron catalyst thickness. As the iron catalyst thickness was increased to 0.5 nm, the CNT forest reached the 2.2 mm height (a typical SEM image is shown in the inset of figure 1 ). However, further increases in iron catalyst thickness resulted in a decrease in the overall height of the CNT forest. The CNT forest height was 1.93 mm and 0.38 mm at an iron catalyst thickness of 0.6 nm and 3 nm, respectively.
It is well known that the chemical reaction balance is very important in WA-CVD [31] . At the growth temperature where acetylene decomposes into hydrogen and carbon, CNT growth occurs on the iron catalyst sites either by tip or base growth mode. The iron sites provide the base for CNT growth. At the same time, amorphous carbon coats the catalyst, which hinders further growth. Water, being a weak oxidizer, removes the amorphous carbon from the iron sites and enhances its efficiency for growing CNT [12] . The role of aluminium is to hinder the diffusion of iron inside the silicon and to participate in the oxidation reaction by removing the excess amount of oxygen liberated during water vapour dissociation [32] . In our previous report [33] , it was shown that the partial pressure of the feed stock and dilutant is also important for balancing the growth reaction. At the optimum conditions, excessive oxidation and carbonation of the catalyst was removed, which ultimately resulted in an increase in the height of the CNT forest. The amount of water vapour inside the reactor chamber and the number of catalyst sites participating in the CNT growth is another important parameter [31] . In this situation, it is important to know the precise cause of the peculiar behaviour observed in figure 1(a) . In these experiments, the catalyst was deposited by e-beam evaporation and the thickness was monitored using a quartz crystal sensor. A quartz crystal resonator consists of a thin quartz crystal sandwiched between two metal electrodes that establish an alternating electric field across the crystal, causing vibrational motion of the crystal at its resonant frequency. The quartz crystal sensor uses the variation in characteristic frequency with the mass loading of the resonator [34] . In these experiments, the deposition rate was kept constant. Therefore, a thicker iron layer means a larger mass of iron on the barrier layer. If the substrates are compared with different levels of iron deposition, an increasing amount of iron will cover the aluminium barrier layer. The different exposure of the aluminium barrier layer to different iron thickness samples give rise to different lifetimes of the iron catalyst. Therefore, the lifetime of an iron catalyst 0.1 nm in thickness would be different from that at 3 nm. The apparent catalyst activity was found to be higher with the 0.5 nm in thick iron catalyst, and the CNT formation reaction was sustained for a long time, resulting in a 2.2 mm long CNT forest.
In order to determine the size of the iron clusters on the substrate, the iron was deposited onto transmission electron microscope (TEM) grids in a similar manner to that for iron deposition onto the substrates. TEM grids with ultrathin (less than 3 nm thick) carbon film supported by a lacey carbon film on a 400 mesh copper grids (purchased from Ted Pella, Inc. USA) were used for this purpose. Figure 1(b) shows the mean diameter of the Fe clusters observed on the TEM grids. The mean diameter was calculated from TEM images (figure 2). The mean diameter is linearly varied with the increase in deposition thickness.
Typical TEM images and histograms for 0.3, 0.5, 1 and 3 nm of iron deposited on the TEM grids are shown in figure 2(a)-(d) , respectively. Instead of single particles we could observe the agglomerated clusters on the TEM grids. The diameter as well as the distribution of agglomerated clusters increases with iron deposition. The agglomerated clusters cover a larger area for higher iron deposited samples. The purity of the clusters was verified by energy dispersive x-ray (EDX) microanalysis, which was coupled to the existing TEM. The diffraction pattern (inset of figures 2(a-d) shows that the iron is in polycrystalline form. The intensity of the diffraction pattern shows an increasing trend for higher iron deposited samples. It is obvious that for the higher deposition samples the abundance of Fe is also higher. Figures 3(a-d) show the SEM images for alignment of the CNTs in the CNT forest for an iron thickness of 0.3 nm, 0.5 nm, 1 nm and 3 nm respectively. At 0.3 nm iron deposition, the CNT alignment was vertical with little crossover. As the iron deposition changed to 0.5, 1 and 3 nm, the vertical alignment changed with an increasing number of crossover features. The more iron sites of the catalyst increases the density of the forest, and results in more crossover in the misaligned CNTs in the CNT forest with spaghetti-like features. Fan et al [35] suggested that the Van der Waals interaction between neighbouring nanotubes is one of the reasons for aligned growth of CNTs. The lower density of Fe clusters results in the lower density of CNTs, which means weaker Van der Waals interaction. On the other hand, the higher density of Fe clusters results in the higher density of CNTs with stronger Van der Waals interaction.
AFM of the as deposited as well as thermally treated substrates was carried out to determine the surface morphology in detail. Thermal treatment was carried out at the same growth conditions used for the CNT growth but without feed stock. Figure 4 The HRTEM observation (figure 6) shows that the inner diameter of the CNT is 5-7 nm regardless of the iron catalyst thickness but the number of walls changed from 2 to 16. The maximum numbers of walls observed were 2, 3, 8 and 11 for 0.3 nm, 0.5 nm, 1 nm and 3 nm thickness samples, respectively ( figures 6(a)-(d) ). The statistical distribution of the abundance of CNTs with different numbers of walls on different iron thicknesses is shown in figure 6 (e). The number of walls as well as the distribution of walls increases with an increase in the iron thickness. It was observed that from an iron thickness of 0.1 to 0.5 nm, the CNTs contained 2-4 walls. However, the CNT shows 4-10 walls for an iron catalyst thickness of 0.6-1 nm, and 8-16 walls for an iron thickness of >1 nm. The inner diameter was independent of the catalyst thickness; rather the number of walls was strongly dependent on the catalyst thickness [36] .
Conclusions
The effect of the catalyst thickness on CNT growth in WA-CVD was examined. At an iron catalyst thickness of 0.5 nm, CNT showed a maximum height of 2.2 mm. The height decreased at lower and higher iron thicknesses. TEM showed that iron particles agglomerate and form bigger clusters at higher levels of iron deposition. SEM showed that the alignment of CNTs in the CNT forest contained more crossovers with increasing iron thickness. The Van der Waals interaction between neighbouring nanotubes is one of the reasons for aligned growth of CNTs. AFM revealed an increasing trend for RMS values with iron deposition. After thermal treatment, the RMS values decreased compared with the as deposited substrates up to an iron thickness of 1.3 nm, and after that increased up to an iron thickness of 3 nm. This peculiar trend was attributed to the aggregation of iron clusters. The HRTEM observation of individual CNT shows that the number of walls strongly depends on the iron thickness. It was observed that the CNTs contained 2-4 walls for the 0.1-0.5 nm thick iron samples, 4-10 walls for 0.6-1 nm thick iron samples and 8-16 walls for >1 nm thick iron samples. Therefore, the number of walls and the alignment of the CNTs in the CNT forest can be tuned by controlling the iron deposition. It is expected that this approach will open up exciting opportunities for fundamental studies and technological applications of CNTs in the future.
